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ZEB1-Mediated Transcriptional Upregulation
of circWWC3 Promotes Breast Cancer Progression
through Activating Ras Signaling Pathway
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Zinc finger E-box binding homeobox 1 (ZEB1) has been widely
recognized as an important driver of tumor growth and metas-
tasis. However, nothing is known about ZEB1-regulated circu-
lar (circ)RNAs in cancer. In the current study, we evaluated the
function of a novel ZEB1-regulated circRNA derived from the
WWC3 gene locus, circWWC3 in breast cancer progression.
We found that ZEB1 upregulated circWWC3 expression but
not the linear WWC3 mRNA expression. circWWC3 is highly
expressed in breast cancer tissues and is associated with the
poor prognosis of breast cancer patients. Silencing of
circWWC3 significantly suppresses the proliferation, migra-
tion, and invasion of breast cancer cells. Mechanically,
circWWC3 upregulates multiple oncogenes’ expression of the
Ras signaling pathway through acting as the sponge of micro-
RNA (miR)-26b-3p and miR-660-3p. Moreover, short hairpin
(sh)RNA-mediated knockdown of circWWC3 partially antago-
nized ZEB1-mediated breast cancer growth and metastasis
in vivo. Our findings reveal that ZEB1-mediated upregulation
of circWWC3 promotes breast cancer progression through
activating Ras signaling pathway, which provides a potential
therapeutic target and prognostic biomarker for breast cancer.
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INTRODUCTION
Zinc finger E-box binding homeobox 1 (ZEB1), which is a transcrip-
tion factor, has been widely considered to regulate a broad range of
biological functions in breast cancer.1–7 However, the detailed mech-
anisms how ZEB1 regulates breast cancer progression remain to be
further elucidated.

Circular RNAs (circRNAs) are a novel class of noncoding RNAs that
are derived from precursor (pre)-mRNA back splicing and are cova-
lently closed transcripts and therefore, are highly stable compared to
their linear types.8–10 Accumulating evidence demonstrated that
circRNAs are involved in the development of various carcinomas
through acting as microRNA (miRNA) sponges, forming RNA-pro-
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tein or RNA-RNA complexes and regulating targeted gene splicing
and transcription.11–15 It has also been demonstrated that circRNAs
are generated cotranscriptionally and that canonical pre-mRNA
splicing can compete with circularization of exons.16 For instance, es-
trogen receptor b (ERb) has been reported to transcriptionally sup-
press circATP2B1 expression, leading to reduced microRNA (miR)-
204-3p, which increased fibronectin 1 (FN1) expression and
enhanced clear cell renal cell carcinoma (ccRCC) cell invasion.17

Transcription factor androgen receptor (AR) was reported to sup-
press circHIAT1 expression, which promoted ccRCC development.18

Twist1 binds the Cul2 promoter to activate its transcription and selec-
tively promote expression of Cul2 circRNA but not mRNA, which
regulated vimentin expression and promoted hepatocellular carci-
noma progression.19 As a transcription factor, how ZEB1 regulates
circRNA expression and functions in breast cancer progression are
still poorly understood.

In the present study, we found ZEB1 promotes the transcription of
pre-WWC3 through binding to the WWC3 promoter and upregu-
lates circWWC3 expression but not WWC3 mRNA expression.
circWWC3 was highly expressed in breast cancer tissues and indi-
cated a poor prognosis of breast cancer patients. Functionally, the cir-
cular form but not the linear form of WWC3, enhanced the prolifer-
ation, migration, and invasion of breast cancer cells. Mechanically,
circWWC3 upregulated multiple oncogenes’ expression of the Ras
signaling pathway by absorbing miR-26b-3p and miR-660-3p. A
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://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2020.08.015
mailto:mxsang@hotmail.com
mailto:cuizhigeng@hotmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2020.08.015&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. ZEB1 Directly Upregulates Circular WWC3 (circWWC3) Expression

(A) Heatmap of hierarchical clustering indicates the top 15 upregulated (red) and downregulated (green) circRNAs. Two circRNAs (hsa_circ_0089866 and hsa_-

circ_0001910), which are derived from the same gene WWC3, were selected for further study. (B) The genomic structure of hsa_circ_0089866 and hsa_circ_0001910. The

expression of hsa_circ_0001910 in MDA-MB-231 cells was detected by RT-PCR and then validated by Sanger sequencing. (C) Fluorescence in situ hybridization (FISH)

demonstrated that circWWC3 preferentially localized in cytoplasm. (D) The expression of ZEB1, WWC3 circRNAs, mRNA, and pre-mRNA in ZEB1-overexpressed MDA-MB-

231 cells was detected by qRT-PCR. *p < 0.05; not significant (NS), p > 0.05. (E) The putative ZEB1 binding motif in the WWC3 promoter was analyzed by JASPAR online

database. (F) ChIP-PCR, using the specific antibody against ZEB1, was performed to validate whether ZEB1 could bind to the WWC3 promoter. *p < 0.05; NS, p > 0.05. (G)

Dual-luciferase reporter assay was used to detect the effect of ZEB1 on the activity of the WWC3 promoter. *p < 0.05. (H) The luciferase reporter assay was performed in

MDA-MB-231 cells cotransfected with wild-type or mutant WWC3 promoter luciferase constructs and ZEB1 overexpression vector. *p < 0.05; NS, p > 0.05.
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breast cancer in vivo study revealed that short hairpin (sh)RNA-
mediated knockdown of circWWC3 partially antagonized ZEB1-
mediated breast cancer growth and metastasis. Our study revealed a
novel function of the ZEB1/circWWC3 axis through activating the
Ras signaling pathway in breast cancer progression and provided
novel insights into underlying mechanism of breast cancer.
RESULTS
ZEB1 Directly Upregulates circWWC3 Expression

To investigate how circRNAs are regulated by ZEB1, we analyzed the
circRNA expression profile after ZEB1 transfection using the Arrays-
tar human circRNA microarray in MDA-MB-231 cells. The circRNA
expression profile was put into Tables S2 and S3. Based on the micro-
array results, we filtered out 15 upregulated and 15 downregulated
circRNAs (Figure 1A). We noted that two circRNAs (hsa_-
circ_0089866 and hsa_circ_0001910), which are derived from the
same gene WWC3, were upregulated after ZEB1 transfection (Fig-
ure 1A). The genomic structure shows hsa_circ_0089866 contains
eight exons from exon 2 to exon 9 (1,068 nt), and hsa_circ_0001910
contains seven exons from exon 2 to exon 8 (825 nt) from theWWC3
gene flanked by long introns on either side (Figure 1B; Figures S1A
and S1B). The distinct products of the expected sizes were amplified
using outward-facing primers in breast cancer tissues and cell lines
(Figures S1C and S1D). These two circular isoforms of WWC3
were resistant to RNase R, whereas the linear form RNA was signifi-
cantly reduced after RNase R treatment (Figure S1E). Actinomycin D
treatment revealed that the circRNA isoforms were highly stable, with
the transcript half-life exceeding 24 h, whereas the associated linear
transcript exhibited a half-life of <4 h (Figure S1F). The qRT-PCR re-
sults using outward-facing primers showed that hsa_circ_0001910
has a higher abundance than hsa_circ_0089866 in breast cancer cells
and tissues (Figures S2A and S2B). Sequencing data in�1,000 human
cancer cell lines also showed that hsa_circ_0001910 is highly ex-
pressed in breast cancer (BRCA) lineage (Figure S2C).20

Therefore, we focused on hsa_circ_0001910 (termed circWWC3) in
our present study, and the PCR product of circWWC3 was confirmed
by Sanger sequencing (Figure 1B). Fluorescence in situ hybridization
(FISH) analysis demonstrated the circular form of WWC3, preferen-
tially localized in the cytoplasm (Figure 1C). To further confirm the
results of the circRNA microarray, we examined the expression of
WWC3 circRNAs, mRNA, and pre-mRNA in ZEB1-overexpressed
MDA-MB-231 cells. Our results showed that enforced expression
of ZEB1 increased the expression of circWWC3, including hsa_-
circ_0089866 and hsa_circ_0001910. Interestingly, ZEB1 overexpres-
Figure 2. circWWC3 Is Associated with Breast Cancer Progression and Increa

(A) The expression of circWWC3 in breast cancer tissues was detected by FISH analysis

poor overall survival of breast cancer patients. (C) The expression of circWWC3 and line

circWWC3was detected by qRT-PCR. *p < 0.05. (D andH) Cell Counting Kit 8 (CCK8) as

of MDA-MB-231 (D) andMCF-7 (H) cells. *p < 0.05. (E and I) Colony-formation assay sho

circWWC3 expression in MDA-MB-231 (E) and MCF-7 (I) cells. *p < 0.05. (F and J) Woun

of both MDA-MB-231 (F) and MCF-7 (J) cells. *p < 0.05. (G and K) Transwell migratio

migration and invasion of MDA-MB-231 (G) and MCF-7 (K) cells. *p < 0.05.
sion increased the WWC3 pre-mRNA level, but did not affect the
expression of WWC3 mRNA (Figure 1D). To explore the transcrip-
tion regulation of ZEB1 on circWWC3, we analyzed the promoter
sequence of WWC3 and found a binding motif of ZEB1 on
�1,265 bp to �1,255 bp upstream of the transcription start site (Fig-
ure 1E). Chromatin immunoprecipitation (ChIP)-PCR analysis re-
vealed the occupancy of ZEB1 on �1,265 bp to �1,255 bp of the
WWC3 promoter, suggesting ZEB1 directly binds to theWWC3 pro-
moter (Figure 1F). The dual-luciferase reporter assay showed ZEB1
overexpression increased the WWC3 promoter activity, whereas
ZEB1 knockdown decreased WWC3 promoter activity (Figure 1G).
To further demonstrate whether WWC3 is a direct transcriptional
target gene of ZEB1, the luciferase reporter assay was performed in
MDA-MB-231 cells cotransfected with wild-type or mutant WWC3
promoter luciferase construct and ZEB1 overexpression vector. The
results indicated that the 2-kb promoter region (�1,265 bp to
�1,255 bp upstream of theWWC3 transcription start site) is essential
for ZEB1-mediated transcriptional activation of WWC3 gene (Fig-
ure 1H). Taken together, our results suggested as a transcription fac-
tor, ZEB1 increases circWWC3 expression through directly binding
to WWC3 promoter.
circWWC3 Expression Is Associated with Breast Cancer

Progression

To investigate the circWWC3 expression in breast cancer tissues and its
effect on breast cancer malignancy, we randomly selected 156 cases of
breast cancer tissues and examined the expression of circWWC3 using
FISH (Figure 2A). As shown in Table S4, circWWC3 expression is posi-
tively associated with the clinical stage of breast cancer patients, sug-
gesting that upregulation of circWWC3 indicates an aggressive charac-
teristic of breast cancer. In addition, the survival analysis showed that
elevated expression of circWWC3 indicated a poor overall survival of
breast cancer patients (Figure 2B). These results demonstrated that
circWWC3 may play an oncogenic role in breast cancer progression.
circWWC3 Increases Cell Proliferation, Migration, and Invasion

of Breast Cancer Cells

To investigate the biological role of circWWC3 in breast cancer pro-
gression, we used RNA interference to silence the expression of
circWWC3 in two circWWC3 high-expressed breast cancer cell lines.
We designed two small interfering (si)RNAs to target the back-splice
sequence of circWWC3 that did not affect the expression of the
WWC3 linear species (Figure 2C). Subsequent functional experi-
ments revealed that downregulation of circWWC3 significantly sup-
pressed proliferation, migration, and invasion of MDA-MB-231 and
ses Proliferation, Migration, and Invasion of Breast Cancer Cells

. (B) The survival analysis showed that elevated expression of circWWC3 indicated a

ar WWC3 in MDA-MB-231 and MCF-7 cells after transfection with siRNAs against

say revealed that downregulation of circWWC3 significantly suppressed proliferation

wed that the colony-forming ability was significantly reduced after downregulation of

d-healing experiment showed that downregulation of circWWC3 inhibited migration

n and Matrigel invasion assay revealed that downregulation of circWWC3 inhibited
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MCF-7 cells (Figures 2D–2K). These evidences implied that
circWWC3 may function as a facilitating factor for breast cancer
progression.

We also used RNA interference to knock down the expression of
linear WWC3 or circWWC3 plus linear WWC3 (Figure S3A) in
MDA-MB-231 cells. Cell proliferation, migration, and invasion
were not changed when both linear WWC3 and circWWC3 were
knocked down. siRNA-mediated knockdown of linear WWC3
increased proliferation, migration, and invasion of breast cancer cells
(Figures S3B–S3E). Survival analysis from the Kaplan-Meier Plotter
database showed that downregulation of linear WWC3 expression
was associated with the poor survival of breast cancer patients (Fig-
ure S3F). These data revealed that contrary to circWWC3, the linear
form of WWC3 plays a tumor-suppressive role in breast cancer pro-
gression. In addition, overexpression of circWWC3 increased prolif-
eration, migration, and invasion ofMDA-MB-453 cells (Figures S4A–
S4E). Taken together, our results demonstrated that circWWC3 in-
creases proliferation, migration, and invasion of breast cancer cells
and plays oncogenic functions in breast cancer progression.

circWWC3 Functions as the Sponge of miR-26b-3p and miR-

660-3p

Because circWWC3 has a high abundance in breast cancer and is
located in the cytoplasm, we explored whether circWWC3 binds to
miRNAs as a miRNA sponge. Through analyzing the miRanda and
TargetScan databases, the top 2 miRNAs were miR-26b-3p and
miR-660-3p, based on the miRNA response element (MRE) analysis
of putative binding sites in the circWWC3 sequence (Figure 3A). We
first detected the colocalization of circWWC3, miR-26b-3p, and miR-
660-3p in MDA-MB-231 and MCF-7 cells. qRT-PCR and FISH re-
sults revealed that both circWWC3 and miR-26b-3p or miR-660-3p
were predominantly located in the cytoplasm (Figures 3B and 3C),
which suggested that circWWC3 has a condition to act as the sponge
of miR-26b-3p and miR-660-3p. RNA-binding protein immunopre-
cipitation (RIP) results revealed that circWWC3 could interact with
miR-26b-3p and miR-660-3p in breast cancer MDA-MB-231 and
MCF-7 cells (Figures 3D and 3E). The luciferase reporter assay
showed that both miR-26b-3p and miR-660-3p inhibited the lucif-
erase activity of luciferase-circWWC3 in both MDA-MB-231 and
MCF-7 cells (Figure 3F). These data suggested that circWWC3 may
serve as a sponge for both miR-26b-3p and miR-660-3p.

circWWC3 Maintained the Oncogenic Properties of Breast

Cancer Cells through Acting as the Sponge of miR-26b-3p and

miR-660-3p

To investigate the possible role of miR-26b-3p and miR-660-3p in
breast cancer, we examined their expression using qRT-PCR and
Figure 3. circWWC3 Functions as the Sponge of miR-26b-3p and miR-660-3p

(A) The putative binding sites ofmiR-26b-3p andmiR-660-3p in circWWC3was analyzed

revealed that both circWWC3 and miR-26b-3p or miR-660-3p were predominantly loc

revealed that circWWC3 could interact with miR-26b-3p andmiR-660-3p in MDA-MB-2

showed that both miR-26b-3p andmiR-660-3p inhibited the luciferase activity of lucifera
analyzed the effect of miR-26b-3p or miR-660-3p on the overall sur-
vival of breast cancer patients. Our results revealed that lower expres-
sion of miR-26b-3p and miR-660-3p indicated poor overall survival
of breast cancer patients (Figure 4A). Our results were supported
by the Kaplan-Meier Plotter database (Figure 4B). Functional exper-
iments revealed that enforced expression of miR-26b-3p or miR-660-
3p inhibited cell proliferation, migration, and invasion of MDA-MB-
453 cells (Figures S5A–S5F). In miR-26b-3p or miR-660-3p high-ex-
pressed MDA-MB-231 and BT-549 cells, miR-26b-3p or miR-660-3p
inhibitors increased cell proliferation, migration, and invasion (Fig-
ures S6A–S6H). Our results suggested that miR-26b-3p and miR-
660-3p might play a tumor-suppressive role in breast cancer progres-
sion. The rescue experiment in MDA-MB-231 cells revealed that
circWWC3 suppression inhibited cell proliferation, migration, and
invasion, whereas miR-26b-3p and miR-660-3p suppression rescued
circWWC3 knockdown-mediated inhibition of cell proliferation,
migration, and invasion (Figures 4C–4F). Similar results were ob-
tained in MCF-7 cells (Figures 4G–4J). These results suggested that
high expression of circWWC3 probably maintained the oncogenic
properties of breast cancer cells through sponging miR-26b-3p and
miR-660-3p. siRNA-mediated knockdown of circWWC3 suppressed
the oncogenic properties through releasing miR-26b-3p and miR-
660-3p. miR-26b-3p and miR-660-3p inhibitors antagonized the
circWWC3 siRNA-mediated release of these two miRNAs. Taken
together, our results indicated that circWWC3 probably maintained
the oncogenic properties of breast cancer cells through antagonizing
the tumor-suppressive role of miR-26b-3p and miR-660-3p in breast
cancer.

Ras Signaling Pathway Is the Direct Pathway of miR-26b-3p and

miR-660-3p inBreast CancerCells and Is Inhibited via circWWC3

Knockdown

To gain further insight into the downstream pathways regulated by
miR-26b-3p and miR-660-3p, we identified 2,234 putative cotarget
genes of miR-26b-3p and miR-660-3p through the TargetScan data-
base (Figure 5A). Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis revealed that 45 pathways were associated
with the cotarget genes of miR-26b-3p and miR-660-3p (Figure S7).
In these pathways, “Ras signaling pathway” was most significantly
associated with these target genes. Most of these genes are shown to
have oncogenic potential in cancer progression, such as EGFR,
GRB2, PAK4, MAPK1, and AKT1. Through the TargetScan database,
multiple potential binding sites for miR-26b-3p and miR-660-3p seed
regions on the 30 UTR of these target genes were found (Figure S8).
qRT-PCR and western blot results revealed that miR-26b-3p and
miR-660-3p did not change the mRNA level (Figure 5B) but notably
inhibited the protein expression of these genes in bothMDA-MB-231
and MCF-7 cells (Figures 5C and 5D). Furthermore, we found that
bymiRanda and TargetScan databases. (B andC) qRT-PCR (B) and FISH (C) results

ated in cytoplasm. (D and E) RNA-binding protein immunoprecipitation (RIP) results

31 (D) andMCF-7 (E) cells. *p < 0.05; NS, p > 0.05. (F) Dual-luciferase reporter assay

se (Luc)-circWWC3 in both MDA-MB-231 and MCF-7 cells. *p < 0.05; NS, p > 0.05.
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knockdown of circWWC3 also reduced the protein expression of
these genes (Figures 5E and 5F). FISH and immunohistochemistry
(IHC) results revealed that high expression of circWWC3 was associ-
ated with the high expression of these target genes (Figure 6A; Table
S5). Kaplan-Meier analysis showed high expression of EGFR, GRB2,
PAK4, MAPK1, and AKT1 was associated with the poor overall sur-
vival of breast cancer patients (Figure 6B), which was supported by
Kaplan-Meier Plotter database results (Figure 6C). Taken together,
our results indicated that the Ras signaling pathway is the direct
pathway of miR-26b-3p and miR-660-3p in breast cancer cells and
is inhibited through circWWC3 knockdown.

ZEB1 Promotes Breast Cancer Growth and Metastasis through

Regulating the circWWC3-miR-26b-3p/miR-660-3p-Ras

Signaling Pathway Axis In Vivo

To investigate whether the ZEB1-circWWC3-miR-26b-3p/miR-660-
3p-Ras signaling pathway axis affects breast cancer growth and
metastasis, we applied the preclinical study using the in vivo mouse
breast cancer xenograft and metastasis model with MDA-MB-231
cells expressing firefly luciferase. Female nude mice were randomly
divided into four groups, as indicated in Materials and Methods.
For the xenograft tumor model, an increase of the tumor luciferase
signal in the ZEB1-infected group was found after 3 weeks (Fig-
ure 7A). According to the results, enforced expression of ZEB1
increased the tumor growth of breast cancer and enhanced the
expression of EGFR, GRB2, PAK4, MAPK1, and AKT1 (Figures
7B–7D). shRNA-mediated knockdown of circWWC3 could partly
reverse the ZEB1-induced breast cancer growth and the expression
of the above proteins (Figures 7B–7D). For the metastasis model,
mice were sacrificed after 8 weeks, and the metastatic foci in lung
and liver were observed by IVIS and counted by the naked eye (Fig-
ures 7E and 7F). The metastasis was further confirmed by H&E stain-
ing (Figure 7G). The results revealed that overexpression of ZEB1
increased the metastasis of breast cancer, whereas shRNA-mediated
knockdown of circWWC3 partly reversed the ZEB1-induced breast
cancer metastasis. Furthermore, ZEB1 expression was positively
correlated with the expression of EGFR, GRB2, PAK4, MAPK1,
and AKT1 (Table S6). The survival analysis revealed that high expres-
sion of ZEB1 plus circWWC3 indicated a poor prognosis of breast
cancer patients (Figure 7H). Taken together, these results proved
that ZEB1 may play a promoting role on breast cancer growth and
metastasis via modulation of the circWWC3-miR-26b-3p/miR-660-
3p-Ras signaling pathway axis.

DISCUSSION
Accumulating evidence demonstrated that circRNAs play crucial
roles in the development of breast cancer.21–25 circRNAs have
Figure 4. circWWC3 Maintained the Oncogenic Properties of Breast Cancer C

(A) The lower expression of miR-26b-3p and miR-660-3p indicated poor overall survival

kmplot.com/analysis/) was used to validate our survival results. (C–F) circWWC3 supp

whereas miR-26b-3p andmiR-660-3p suppression rescued circWWC3 knockdown-me

circWWC3 suppression inhibited cell proliferation (G and H) and migration and invasion

knockdown-mediated inhibition of proliferation, migration, and invasion of MCF-7 cells
been proven to be generated cotranscriptionally and compete
with the canonical pre-mRNA splicing.16,26 As a zinc-finger tran-
scription factor, ZEB1 has been widely recognized as an important
driver of tumor growth and metastasis in cancer, especially in
breast cancer.27 However, the role of ZEB1-regulated circRNAs
in breast cancer progression still remains unexplored. In the pre-
sent study, we examined the ZEB1-regulated transcription profile
of circRNAs. As a result, we found that exogenous expression of
ZEB1 induced the transcription of the circular form of WWC3
but not the linear WWC3. circWWC3 is highly abundant in
breast cancer and was associated with a poor prognosis of breast
cancer patients. Mechanically, circWWC3 promoted the tumor
growth and metastasis of breast cancer through acting as the
sponge of miR-26b-3p and miR-660-3p to target the Ras signaling
pathway. Our results presented evidence that activation of ZEB1
and ZEB1-induced circWWC3 is important for breast cancer
progression.

WWC3 has been identified as a tumor suppressor that is downregu-
lated in several malignancies. Downregulation ofWWC3 is associated
with poor prognosis of cancer patients.28–30 WWC3 inhibits cell pro-
liferation and metastasis through regulating the Hippo and Wnt
signaling pathways.28–31 In our present study, linear WWC3 was
associated with good prognosis and inhibited breast cancer cell
growth and metastasis. However, the circular form of WWC3 was
dominant and exhibited oncogenic functions in breast cancer, indi-
cating that the competition of circWWC3with the linearWWC3 pro-
moted the progression of breast cancer. Further studies are required
to elucidate the mechanism of backsplicing formation of WWC3
pre-mRNA in breast cancer.

Due to the high abundance, stability, and potential number of MREs
that they contain, some circRNAs could function as “miRNA
sponges.”8,11,32–38 Our study revealed that circWWC3 was abundant
in breast cancer and promoted the breast cancer growth and metas-
tasis through acting as the sponge of miR-26b-3p and miR-660-3p
to target the Ras signaling pathway. These findings revealed that
circRNAs could act as sponges of miRNAs and thereby regulate can-
cer progression. Of note, not all circRNAs function as miRNA
sponges in cells. At present, several functional models of circRNAs
have been reported: (1) circRNAs function as miRNA sponges, which
competitively bind endogenous miRNAs; (2) circRNAs function as
“protein scaffolds,” which means that circRNAs directly bind to pro-
teins and maintain the stability of the protein complex;39–42 and (3)
some circRNAs can be translated as “coding RNAs,” which means
that they directly encode a protein or peptide.43–52 Due to the lack
of free ends, circRNAs are resistant to exonucleases and more stable
ells through Acting as the Sponge of miR-26b-3p and miR-660-3p

of breast cancer patients in our study. (B) The Kaplan-Meier Plotter database (http://

ression inhibited cell proliferation (C and D) and migration and invasion (E and F),

diated inhibition of proliferation, migration, and invasion of MDA-MB-231 cells. (G–J)

(I and J), whereas miR-26b-3p and miR-660-3p suppression rescued circWWC3

. *p < 0.05.
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Figure 5. Ras Signaling Pathway Is the Direct Pathway of miR-26b-3p and miR-660-3p in Breast Cancer Cells and Is Inhibited via circWWC3 Knockdown

(A) 2,234 putative cotarget genes of miR-26b-3p and miR-660-3p were identified through the TargetScan database. (B) qRT-PCR was performed to detect the mRNA

expression of EGFR, GRB2, PAK4, MAPK1, and AKT1 after transfected miR-26b-3p andmiR-660-3p mimics into MDA-MB-231 or MCF-7 cells. (C and D) Western blot was

performed to detect the protein expression of EGFR, GRB2, PAK4, MAPK1, and AKT1 after transfected miR-26b-3p andmiR-660-3p mimics into MDA-MB-231 (C) or MCF-

7 (D) cells. *p < 0.05. (E and F) Knockdown of circWWC3 reduced the protein expression of EGFR, GRB2, PAK4, MAPK1, and AKT1 in MDA-MB-231 (E) andMCF-7 (F) cells.

*p < 0.05.
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Figure 6. High Expression of EGFR, GRB2, PAK4, MAPK1, and AKT1 Was Associated with the Poor Overall Survival of Breast Cancer Patients

(A) Immunohistochemistry (IHC) was performed to detect the expression of EGFR, GRB2, PAK4,MAPK1, and AKT1 in the breast cancer tissues with high or low expression of

circWWC3. (B) High expression of EGFR, GRB2, PAK4, MAPK1, and AKT1 was associated with the poor overall survival of breast cancer patients in our study. (C) Kaplan-

Meier Plotter database (http://kmplot.com/analysis/) was used to validate our results.
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than their linear isoforms. Moreover, some small circRNAs can be ab-
sorbed into exosomes. Therefore, circRNAs have the potential to
function as the predicting markers for cancer diagnosis and prog-
nosis.53–56 Therefore, the functions of circRNAs in cancer progres-
sion still need to be further explored.
In summary, our study can be concluded by the following major find-
ings: (1) We identified a novel circRNA, circWWC3, that is induced
by ZEB1 and promotes breast cancer growth and metastasis. (2)
circWWC3 can act as the sponge of miR-26b-3p and miR-660-3p
and inhibit their tumor-suppressive functions in breast cancer. (3)
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The Ras signaling pathway is the target pathway of the circWWC3-
miR-26b-3p/miR-660-3p axis in breast cancer. (4) ZEB1-mediated
upregulation of circWWC3 promotes breast cancer progression
through activating the Ras signaling pathway. Our study revealed
that circWWC3 may function as an oncogene and act as a prognostic
biomarker and therapeutic target for breast cancer.

MATERIALS AND METHODS
circRNA Microarray

Total RNA was extracted from MDA-MB-231 cells transfected with
ZEB1 or empty vector. Arraystar Human Circular RNA Microarray
v.2 (catalog number: AS-CR-H-V2.0; Arraystar, MD, USA) was
used to identify differentially expressed circRNAs after transfection
of ZEB1 in MDA-MB-231 cells. The sample preparation and micro-
array hybridization process were carried out based on Arraystar’s
protocols.

Clinical Specimens

All human breast cancer tissues were collected from the Fourth Hos-
pital of Hebei Medical University. All patients did not receive preop-
erative chemotherapy and radiation therapy. The human tissues were
obtained with informed consent, and our study was approved by the
Clinical Research Ethics Committee of our hospital.

Animal Experiment

The animal experiments were approved by Animal Care Committee
of the Fourth Hospital of Hebei Medical University. For xenograft tu-
mor experiment and in vivo metastasis experiment, 4-week-old fe-
male BALB/c nude mice were randomly divided into four groups
(n = 5 for each group). MDA-MB-231-luciferase cells (1 � 106 cells
per mouse) stably transfected with (1) empty vector + sh-scramble,
(2) ZEB1 + sh-scramble, (3) empty vector + sh-circWWC3, or (4)
ZEB1 + sh-circWWC3 were injected into mice subcutaneously for
xenograft model or via tail vein and spleen for lung and liver metas-
tasis model establishment. Tumors were evaluated weekly by using an
in vivo imaging system (IVIS). Two months later, mice were sacri-
ficed. The lung and liver were observed by the naked eye and H&E
staining.

Statistical Analysis

All statistical analyses were performed with SPSS 22.0 (SPSS, Chicago,
IL, USA). The quantitative data were analyzed by Student’s t test. The
clinicopathological analysis was performed by chi-square test. The
overall survival was evaluated by the Kaplan-Meier method. All sta-
tistical analyses were two sided. p value <0.05 was considered statis-
tically significant.
Figure 7. ZEB1 Promotes Breast Cancer Growth and Metastasis through Regu

In Vivo

(A) An in vivo imaging system (IVIS) was performed to check the fluorescence signal of xen

group were shown. (B) Tumor growth curve within 30 days was shown. *p < 0.05. (C and

was examined by IHC. (C): Representative images; (D): Quantitative analysis. (E and F) T

eye. *p < 0.05. (E): Representative images; (F): Quantitative analysis. (G) The metastasis

expression of ZEB1 plus circWWC3 indicated a poor prognosis survival of breast canc
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